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Introduction
» The Standard Model of elementary particles answers many of the questions of the
structure and stability of matter and is in excellent agreement with all the measurements
performed so far.

» The experimental observation however, of one (or several) Higgs bosons will be
fundamental to understand the mechanism of electroweak symmetry-breaking and may
probe physics beyond the SM

« LHC offers the potential for such a discovery

 There 1s a very rich variety of search channels for the discovery of the SM Higgs and
even more for the non-SM Higgs bosons. An overview only of the most relevant
channels will be given in this talk

« [t must be stated from the beginning that the “all hadronic™ states are impossible to
separate from the background and very difficult to be triggered

Material used from ATLAS and CMS TDRs unless stated differently.
ATLAS TDR 15, CERN/LHCC 99-15 CMS TDR 8, CERN/LHCC 2006-021

ATLAS new sensitivity studies are ongoing
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Introduction II

The methodology used in a variety of very different analyses 1s common in many
aspects and can be outlined as following:

 Define the study to be performed based on phenomenological aspects of the procedure
 Find the observables that carry most of the information concerning the particular study
» Optimize the application of the selection criteria using these observables

 Use optimized selection methods that exploit the information carried by the
observables (Usually give better performance but also more dependent on MC)

* Define the strategy to control systematic uncertainties from the real data themselves

* Very good understanding of the detector is mandatory
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profor - (anti)proton cross sections
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Current SM Higgs Limits
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Higgs production at LHC

SM Higgs production
T T T T | T T T T
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Uncertainties on cross-sections
* gg 10-20 % (NNLO)

* VBF ~5% (NLO)

* WH,ZH ~<5% (NNLO)
200 o ttH 10-20 % (NLO)
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In the Higgs mass range M;;~ 100 — 200 GeV/c?
gluon fusion cross section 1s ~ 20 — 60 pb
VBEF cross sectionis ~3 — 5 pb
WH,ZH, ttH cross sections ~ 0.2 — 3 pb
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Higgs decays

qn': — — — —
oww ~ | Inclusive search channels:
AP ;.f’ 2z - H— ZZ for my > 130 GeV
=) F~ N\ / — 41
m / R\ 4 ttf —
A [V BALCAN AN " 1 H—>WW for my > 145 GeV
g e\ L — Ivly
c 1 _ ~.gg / =
S/ \N—m /- : H— yy for my <150 GeV
\‘{f \ k“"x-; ) ya =
) N N - = g
0y ‘*H N S Exclusive search channels:
i \ - El _ ~— VBF H -WW for my = 115 GeV
Y100 150 200 250 300 350 1w VBFH —11 for my < <150 GeV
Hiogs Mass (Sev) ttH with H—bb for m, < 135 GeV
Uncertainties on branching ratios
few % (NLO)
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Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

ATLAS

Length : ~45 m
Diameter : ~24 m
Weight : ~ 7,000 tons
Solenoid : 2 T
Air-core toroids

Excellent Standalone Muon Detector

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

TRACKER

CMS

Length : ~22 m
Diameter : ~14 m
Weight : ~ 12,500 tons
Solenoid : 4 T
Compact and modular

Excellent EM Calorimeter

/ I
Total Weight  : 12,500t : 2
Owerall nge'lﬁ: 13.00m CMSPARADI O] FF
Crverall Length  : 21.80m
Magnetic Field ATesla
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SM Higgs Search H—-ZZ(Z.Z*)—1"T'T'T

» 77(*)—4l is very clean
(also — lljj, llvv are studied)
» All H decay products are reconstructed
» Very sensitive for m;>130 GeV
» Golden channel for m;;>2m,

Signature:

two opposite sign pair of leptons

—
S 15 L=10f"
E_‘ B (no K—factors)
S m=300 GeV
Ll

ATLAS

]
400
m, (GeV)

coming from the PV

compatible with Z mass (at least 1 couple)

Entries/0.5 GeV
=
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Exploits the excellent e/u
1dentification and momentum 200
resolution of the detectors

Q
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17/7/2007 D. Fassouliotis FourSeas Conf

L1l | L
[i] 120

AR

0 40 150
Wy (GEV)

10




SM Higgs Search H—-ZZ(Z2*)—1"TTT

Irreducible Background:

100 120 140 160 180 200 220
4 lepton invariant mass (GeV)

continuum ZZ(*) —4 leptons =
Reducible Backgrounds: s
Zbb — 4 leptons :ﬁ
tt — 4 leptons z
suppressed by impact parameter
and 1solation criteria
go->77 1s added as 20% of LO qq->ZZ _
/7 NLO k factor depends on my, 2 o4
%05
Background control: £0.255
a) from side bands '%;1?:
b) fromZZ —41/7— 21 Y3
0.055

Discovery with less than 10 fb-!
130<m<160 GeV, 2m,< m;< 550 GeV
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SM Higgs Search HH-WW-—lvlv

> Important channel for 2m, <m,<2m., ‘&
P W H Z A el Zional + Back soom ot ATLAS
(T ] X
- 0 EIt . Total Background
H—>WW BR ~95% 3 S o
, S 2 L=30fb
> Exclusive VBF also sensitive in lower D 200 |- i 3
. L B - ' m=170 GeV
mass regions - 1K

» Inclusive HH-WW Using dilepton
final state

Signature 1" I- and MET / o
» no mass peak, have to use

transverse mass 17 1" E

100

Tmis

o
&

> need to determine shape of
background

» Lepton anti-correlated “ |
> W+, W- opposite spin " i -

» Lepton tend to be close

Arbit[:ary units
]
|

A9 (rad)
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SM Higgs Search HH>-WW—lvlv

NIl

NLO oy

Backgrounds:
tt, tWb :

rejected by vetoing the jets

WW,WZ.727.:

rejected by kinematical cuts

l.e.

- ETmiss > 50 GeV
-jetvetoinn <2.5

- 30 <pT max<55 GeV
- mein > 25 GeV
-12 <m; <40 GeV

Background Control

a) Invert cut on I'l" proximity

b) Create control samples for tt, WW,WZ
For 1,2 and 10 fb-1 syst err ~19,16 and 11%

/
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Discovery may happen within ~1fb™!
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SM Higgs Search H— vy

Though H—yy BR ~ 103
Still, very important in the mass range my; < 150 GeV
Requires good energy resolution of the em calo

Signature:
2 isolated high Et gammas from PV
Need of excellent energy resolution

Mass vy

Mu =120 Gev

y (GeV

Jet rejection

Irreducible Background: ;
Continuum gamma-gamma y efficiency
Reducible Backgrounds: S el J L = i —
jet-jet and gamma-jet events A
Need of

Excellent jet rejection factor
(> 10° for 80% 1 efficiency)

. 80% %

o sboo

good 7t rejection
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SM Higgs Search H— yy

Event Selection

 Kinematical cuts

pr>40 GeV, p>>25 GeV, n|<2.5

* Photon i1dentification cuts

* Photon reconstruction and calibration
* Photons direction corrected for PV

|background+signal distribution |
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Improve the discovery potential
using the shape of kinematical
variables

Likelihood ratio method based
on kinematical variables of
signal and background
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SM Higgs Search H— yy

1A1TL1ALS CMS
Significance change LO -> NLO Significance change
with Optimized analysis
| DC1 analysis (low luminosity) I
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SM Higgs search VBF with H— vt and H—- WW

> At low Higgs masses the largest sensitivity
search channels are found in the vector boson
fusion production mode

» The two jet of the quarks are energetic and
distributed in the forward region

»The Higgs decay products in between

Signature:
two tag jets in the forward region
One of the W or 1 decay leptonicaly ¢

Irreducible Background
qq Z/W

Reducible backgrounds
QCD multi-jet, WHjet, Z+jet, g+jet and tt

17/7/2007 D. Fassouliotis FourSeas Conf
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SM Higgs search VBF with H— tt and H-> WW

Significant background suppression by

Two tag jets in forward region No Jet in central region
¢y 005 : . Central Jet Veto
= - Higgs signal M=160GeV e :
= o _tl: hﬂ{:k_grm"'m ATI_AS E"u_g ;_ . QCD Z+2:3jets ........... cMS ......................
Eﬁ B E ﬂﬂ,;_ *  EW 2742t i 5
E - ,,_|| E 0?:— i ﬂ—}W!:I"n"lfb
= 0o bt i ﬂ v B W-adpes
e | S ba N
noe | g 04E e
= W : e /
: " o *lL e 7T
o I ’ | N
oL e — . :
o : PRI BT ERT I S B IRTE NN IO b 1 O il as' Uae ler' Tlas' ' ob' |
-4 -2 0 2 .| Signal Efficigney
Ramdity n of tag jets Prcu=10 GeV Prcu=45 GeV

sn-atlas-2003-024
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SM Higgs search VBF with H—> WW
m,;=120 GeV

da/dM (fo/10 GeVic?)
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Signal to background with VBF increases by a factor >3
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SM Higgs search VBF with H— 17

m__(GeVic)) m_ (GeV)

Backgrounds :
QCD 7t +jets, EW 11 +jets, WHjets, tt

Selection:

VBEF tag jets

T selection

MET reconstruction, Kinematical cuts
Background Control

Side bands

Relaxed cuts
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SM Higgs search ttH (H— bb) —Ilvbbbbjj

Signature
4b-jets + lepton + 2 jets tMET

Irreducible background:
Non resonant ttbb
Reducible backgrounds:
ttZ, ttj;, WWjj

Event Selection:
Reconstruction of at least 6 jets
B-tagging of exactly 4 jets
Kinematical cuts

Invariant Mass of bb from H

Use of Likelihood functions
* To associate bs from t decays
* To discriminate ttbb bkg

17/7/2007

[1ttH(120)

B tjj

[ ttbb (QCD)
D ttbb (EW)

L=30pb '

100 150 200 250

300 350 400

m,, (GeV

m,, = 120 GeV, L= 30 fb"!

SAB=2.8,

Very challenging channel

with LO

Significant for very low Higgs masses

Difficult to control the background with the

use of the data
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LHC Summary for the discovery of the SM Higgs

Significance

CMS, 30 fb"

N\
N\

paus

. | —=#— H—yy opt

—s— H—yy cuts

—— H—=ZZ-4l i
—s— H-WW-S212v

—— qqH, HSWW—lvjj
—eo— qqH, H-tt—l+jet

—— qqH, H—yy

REEE
200

300 400 500600
M,.GeV/c

ATLAS uses L.O in the plot, while CMS uses NLO cross sections

; - H — v
= L dt=30m" ® H(H — bh)
= (no K-factors) a H — 771" 5 41
& ATLAS H - WW” — Iy
= 10 £ [~ " qqH — gqg ww'!
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ATLAS new sensitivity study 1s ongoing
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LHC Summary for the discovery of the SM Higgs

per experiment

Needed [Ldt (fb1)

10 | |

.. LEP exclugmion

101

F.Gianotti, ICHEPO06
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T dmcovety

-= 98% C.L. exclusion

< 1 fb! for 98% C.L. exclusion
< b fb! for Bo discovery
over full allowed mass range

- “"“--.._;4// AT -
- - .a/
ATLAS + CMS
preliminary

oo 400 00 &0 700 50090000

m,, (GeV)

D. Fassouliotis FourSeas Conf

* 5o discovery over all
allowed mass range

with < 5 fb!

* More than one channels
must be combined for
early discovery

at low masses (~ 115 GeV)
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Production of the MSSM Higgs

»Higgs sector of the MSSM: physical states h,H,A ,H*
»Described by two parameters at lowest order: M ,, tanb
»Discovery of extended Higgs sector leads to physics beyond SM

tanb =3 MSSM neutral Higgs production tanb=30
tanf =3 tanf = 30
é L L L B R N B Nt T T T T T T T
CEURI S y y
4
, =T gluon fusion ] gluon fusion ]
107k :
N VBF
103F 5
L i —— 1 | 1 ! : 1 1 1 1 1 ] L ]

100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
M, (GeV) M, (GeV)

At high tanb associated production bbH is greatly enhanced
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Search channel

Mass range
(o]

VBF:H — 171
VBF . H—-WW
VBEF: H — ~y
ttH H — bb
GGF[btbh, H
GGFE/bbl

=
W H — 77— lep.had.

GGF/bbh, H — 77 — had.had. | 450 to 1000 GeV

H— 77—l 100 GeV to 420 GeV
GGF. H/A —tt 450 to 600 GeV

H/A -y 60 to 400 GeV

WH — (vbb 70 to 130 GeV
GGF:H - WW — vty 140 to 200 GeV

WH — (yWW — (vlvly 140 to 200 GeV

GGF . H — hh — ~~bb 100 360. 40 to 130 GeV

GGF A — Zh— [lbb
tt — H=bWb — tvlvh
tt — H=bWb — tvbggb
gb— H*t: H* — 1u.th

110 GeV to 180 GeV
110 GeV to 250 GeV
110 GeV to 180 GeV
110 GeV to 150 GeV
70 to 1000 GeV

110 to 1000 GeV

70 to 170 GeV
70 to 170 GeV
180 t0 1000 GeV

100 360, 40 to 130 GeV
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...and BR to WW,ZZ strongly suppressed
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MSSM Higgs search bbH (H— 17)

Signature
1t (>1 decaying to 1) bb

Irreducible background:
1T bb

Reducible backgrounds:
Z+jets, tt, bb, Wt WW, WZ

Event Selection:
pair of 1

b-tagging of > 1jet
central jet veto
MET reconstruction

17/7/2007
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Higgs Parameters — Branching ratios

Luminosity control ATLAS 300fb!
Detector systematics
Background control from data

s
o

I
[=]
|

Erroron oy BR (%)

CMS WH,ZH (H— vy)

0.9

|_m.=120 Gevic® |

0.8

0.7

0.6

Opensymbels @ AL/L=10%
Cloosd eymbnla I AL/ =R X

S L 11 I

0.5

0.4

- . -2 1 1 1 1 1 1 1 3
~ 10 10

my; (GeV)

0.3
0.2

relative error on 0.BR measurement

0.1

b 50 100 150 200 250 300
Luminosity (fb™)
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Higgs Parameters - Mass Determination

Channels with complete reconstruction

of Higgs decay products = T ;7)
H—4 leptons = A WH, ttH (H = bb
H 107k D aie
—7Y : @ All chervle (scale known to 0,02 %)
CMS H—41 30 fb-! [ ae®
6L 10k

ATLAS 300fb-!

L =30 fb

AMg/ Mg (%)
o
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Conclusions

> If the standard model Higgs boson exist, it cannot escape

detection at the LHC.

» Discovering the Higgs boson is just the first step, the next step

is to measure its mass and couplings.

» Discovery of enhanced Higgs sector directly prompts to

physics beyond the SM.

... the adventure is about to start
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E 1of- Il Higg= § FlHigg= ]
- Ozz T wEldzz
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§ opzee § 12f[zos
W [ 3 10F
"4 o EE—
b
2 E a
B b
; % 100 150 ; 0 50 100 150 200 250 300 350 400
4 leplon invariant mass | GeV) 4 lepion invariant mass | GeV)
Signal tt Zhh AN
Production cross-section (NLO) | 17.9x10°% 840 10° 555 10° 289 10°
7= BR(4 lepton final state) 23.8 - - 367.5
Pre-selection: o= BR=e 7.394+0.09 74342 39041 37.0+£04
Level-1 trigger 7.3640.09 707+2 36041 36.34+0.4
High Level trigger 6.824+0.08 28241 23741 32.54+0.4
ete”utp~reconstructed 5.51+0.07 120+1 14141 24.14+0.3
Vertex and impact parameter cuts | 5.03+0.07 18.94+0.3 18.440.2 21.5+0.3
[solation culs 4,9240.07 51401 12.340.2 21.34+0.3
Lepton py cuts 4 7840.07 1.934+0.09 1.7840.06 18.74+0.3
Z mass window cuts 4454007 | 0.15+0.03 0.1240.02 14.440.3
Higgs mass window cuts 3.64+0.06 | 0.006+0.005 | 0.0064+0.003 | 1.61+0.09
Expected events for [ £ =10 fh=t | 2364106 0.06+0.05 0.064+0.03 16.1+0.9
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SM Higgs Search H— vy

Towets in Sampling 3
ApxAn = 0.0245:0.05

Back

Strips

LA
v
:.U'UU;I Stiip towets in Sampling 1
I'|
Presampler in front
Photons direction corrected for PV
Low luminosity:

M from strips and middle calorimeter
Z, measure from ID (6z=40 um)
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y candidate

!

LVL1
EM25i (EM30i)
2EM15i (2EM20i)

v

Cut on HAD leakage,
2"d sampling of EM

\ 4

Cuts on 1st sampling
of EM calo

A 4

Isolation cuts
(ID or EM calo)

I

High luminosity:

Rejects jets with
high energy pions
and wide showers

Rejects jets with one
or more p°, h,...

Rejects low
multiplicity p° jets

Photons direction obtained with

calorimeter information only
crucial role for fine | segmented
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SM Higgs Search H— yy + n jets

H + 0 jets from gg -> H.
H + 1 jet at NLO, plus VBF production with one lost jet.

H + 2 jets from VBF. ATLAS preliminary

a 5=
& H+0 | :
Eace +0jets Signal (130) g
gi‘ﬁ Irr. Bkag. %

£

Cross
5
o

Red. Bkg.

-
(1]
o

1

Lo]
100 108 1149 1158 120 125 130 136 140 148 180
M_ (GeV)

100 105 110 115 120 125 130 135 130 145 150
M, (GeV)

N & X m M 10 % W 0 N

With the use of different jet configurations
» the signal i1s decreased
e but the S/\B is increased
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SM Higgs Search W(Z)H (H— vyy)

CMS

=
Variables used in likelihood analysis of CMS g 1 Signal
stransverse energy of the photons and of the lepton =1 Bkg
*the AR distances between lepton and each photon £
the missing transverse energy E
*the angle between the directions of the missing E
transverse energy and of the highest E| photon.
- - m,, (GeWic?)
S 0.08F 5
T 0.07F s TSignal
2 0.06;- -
E 0.055 8
2 n.04F E
0.03F -
0.025 =
0.01E-
Og 6
log(y) m,, (GeVic?)
Significance for 100 fb!
Ty working point
f Ge"v’,.-"czj log(u) = significance | WH | ZH | Wy [ v | Wy | oy [ et tt ()
115 041 1300 | 221 | 18 | 493 [ 300 [ 330 [102 | 17 [016 | o= 10—
120 0.35 4090 | 207 | 16 | 512 | 362 | 345 [ 124 | 19 | 015 | 10% 107
130 0.68 36de | 146 | 13| 307 [ 169 [ 187 | 60 [ 14 010 ] 4x107°
140 0.99 3350 | 114 | 10| 189 [ 103 | 106 | 37 [ 1.0 |0 | 1x107°
150 0.83 2670 | 104 |09 | 202 | 117 [ 123] 54 [ 11 003 | 310"
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MSSM Higgs search bbH (H— pp)

Small branching fraction, BR(H -> up) ~ 10 but good mass resolution, ~ 1-2 %
Irreducible bkg: bbup

Reducible bkgs: Z->up, tt
Event Selection

. % 5(} _—" |I T T T | I|I T TT LI | L ;n' T T I:-_‘

b tagglng _EE ,'I_-_-,_ i
1solation, MET, jet veto 4,3'_||- ; 7
[ ]
| ;T ]
. 30| [ 7F .
L 2sof ' E top pairs L ﬁg cMs, 306" ]
@ [soft b-tag | Zbb R A pp — bbp, ¢ = h,HA]
E.E 2000 - DI’E”—YEH EG _— ni}f I:---' = m;nmc Soenario __
'E [ ]signal L My ep =1 TeViet | -
§ 1500 GRS . I M, = 200 Gevic® | ]
z ] 10 - I =200 GeVic® -
o . N m_ o, = 800 Gevic’ | ]
;ﬂﬁﬁﬂ GEI'L::."E'E - ¢l — TT —>e+jet Stopmix: K, =2M, .. 1
B ! ] Clovov bvv v bv v bovwn Pvv v v vy Ty o

tan = 40 ] 100 200 300 400 500 600 700 800

: M,.GeVic

120 140 160 180 200 220
M, (GeV/ic®)
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MSSM Higgs search tbH™ (H— 1v)

t - bH" —btv

pp —tbH™ —»wbtv — jjbbtv
pp —tbH™ —»wbtv — lvbbtv
pp —tbH"™ —ttbb —bbbblvqq

-"’:'180:'|"§:|"|'"'|""|"°§r'|"":
S of CMS, 30 b ]
s0F ‘ pp — tbH", H' v, ]
E I m=175GeVIc® E
s0f | / =
: =| m™¥* g cenario ]
40;_ -|'| HF"’ Myygy = 1 TeVic? E
F ] e M, = 200 GeWic" ]
30 ,ll-f"'/f 1= 200 GeVic’ =
- m . =800 GeVic® .
20 | Stop mi: X, =2M, .. [ ]
AN ;
n \ t—Wb— b 3
:I I :- 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 :
100 200 300 400 500 Eé)ﬂ
M, ,GeV/c
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tan[3

%Sﬂ
SLdt= 30 fb™
“1 t = bH* with H* = 7v
1E -
Nl
2T ATLAS
m, (GeV)
W go—tbH*™ —ttbb —bbbblvqq
e
‘[}E ATLAS 30 fb'l
" - Sn-2004-42
60F
5”; 3001
4[}2
30;
2[1;
ll}i
00 " T00 200 300 400 S00 600 700

m, [GeV]
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MSSM Higgs search — Overall sensitivity

MHMAX scenario Gluophobic scenario

o e i ey il
23
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Higgs Parameters — Width

> |
G, 10°L
= B
:'E}' N
2 10¢
o L
D0 H—ZZ
T 1
O -
@ T | S I, from theary
a 10 E __i m  Convolution B
E - _!. —a— Gaussian
E .I D'E : ;'. —&— Brait-Wionar |
= 7 —— Upper limit at 95% C.L.
B 11 11 11 1 1 | 11 1 1 | 11 1 1 | | I
100 200 300 400 500 600
m,, [GeV]

17/7/2007

D. Fassouliotis FourSeas Conf

g’(H,X) / g “(H,W)

A @HX) | g *(HW)

0.8

0.4

0.2

0.6

ATLAS

g’(H,2) / g°(H,W)
g?(H,7) / g°(H,W)

without sysl. uncertainty

ATLAS+CMS

I L dt=2*30 fb "’

Evallrlateld folr a SM Higgs |
110 120 130 140 150 160 170 180 190
my, [GeV]
38



Mo, of events

Higgs Parameters — spin, CP

H->4 leptons
¢: Z decay planes angle
0: Z polarization

Atlas-sn-2003-025

CMS

|Significance for exclusion of Spin 1 CP +1 @100k’ |

010_— Combination
a 85— Polarisation
q of-
% 45_ Plane Angle
© 2E /
L - I o= —— 550300 " rn_[GeV
i —szalar (:=0) 9 _° 200 250 300 m,, [GeV]
o - . . E Significance for exclusion of Spin 1 CP -1 @100fb" |
12k — pseudosc. |:|_|:':,E - [ c 10 Combination
135— —_:“4 _E E.- —cealar [;[ﬁ] 8;— Polarisation
o —=-74 ] : — pseudosc. (|5=72) ] 6
3 22 bkg. 1 15 —iald > aE
E__I_'_l_l_'_l_l__: | S =-1/4 [ZZ bkg. 3 2E Plane Angle
X S L °=300 250 300  m, [GeV]
2 D Significance for exclusion of Spin 0 CP -1 @100fB |
i i 35
T 05 1 15 2 25 3 “1-08-06-04-02 0 02040608 1 G30 Combination
0 cosh 25 Polarisation
20
15
10
5 Plane Angle

0™500 —250 ~ 300 my [GeV]
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Higgs Parameters — Couplings to Weak Bosons

VBF H->WW, H->1t

Ag;;: azimuthal angle

of tag jets

0.07

fraction of events

0.02F

0.01F

Determination of the
dominant coupling term

0.05F
0.04 F

0.03 [+,

- H— WW— v
F m, = 160 GeV
0.06 [

T e e

integrated luminosity,

probability for

hypothesis tested > 5o <5%
H— W*TW~ — llvw
10fb~1 CPE 59% | 100%
CPO 35% 98 %
30fbh~1 CPE 100% | 100%
CPO 100 % 100 %
H — 717~ combined
30fh~! CPE 29% 68 %
CPO 0% 52 %

17/7/2007

Put limits on
anomalous
couplings
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fraction of events
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